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We analyze the distribution of stars along the GD-1 stream with a combination of data from the
Gaia satellite and the Pan-STARRS survey, and we show that the population of subhalos predicted
by the cold dark matter paradigm are necessary and sufficient to explain the perturbations observed
in the linear density of stars. This allows us to set novel constraints on alternative dark matter
scenarios that predict a suppression of the subhalo mass function on scales smaller than the mass
of dwarf galaxies. A combined analysis of the density perturbations in the GD-1 and Pal 5 streams
leads to a 95% lower limit on the mass of warm dark matter thermal relics mWDM > 4.6 keV; adding
dwarf satellite counts strengthens this to mWDM > 6.3 keV.
Introduction. The analysis of the perturbations in-
duced by dark matter (DM) clumps on stellar streams
was recently suggested as a powerful diagnostics of the
particle nature of dark matter. Stellar streams are elon-
gated, almost one-dimensional structures produced by
the tidal disruption of globular clusters or dwarf galaxies
merging into the Milky Way. The gravitational interac-
tions of the stars in the stream with dark and baryonic
substructures can leave a detectable imprint on the stel-
lar density along the stream [1–10].
In a companion paper [10], henceforth Paper I, we pre-
sented a detailed analysis of the distribution of stars in
the GD-1 stream, making use of data from Gaia DR2 [11–
13], combined with accurate photometry from the Pan-
STARRS survey, data release 1 [14]. By analyzing the
power spectrum of density fluctuations in GD-1 as first
suggested by Ref. [9], we have found strong evidence for
a population of low-mass DM subhalos in the Galaxy
compatible with the predictions of cold DM.
Here, we show that the evidence for this population of
DM substructures sets novel constraints on alternative
DM scenarios that predict a suppression of the subhalo
mass function on scales smaller than the mass of dwarf
galaxies. We derive in particular a stringent lower limit
on the mass of thermal warm DM relics.
The GD-1 stream. The GD-1 stream was first
detected in Sloan Digital Sky Survey (SDSS) data
[15]. Subsequent observations with the Canada-France-
Hawaii-Telescope (CFHT) revealed a rich density struc-
ture with multiple gaps and wiggles in the stream [16].
Recent work with Gaia revealed 20◦ more of the stream
[17, 18]. Following Ref. de Boer et al. 2019 (in prep), we
identified a robust sample of GD-1 member stars span-
ning 60◦ on the sky, and presented in Paper I the linear
density of stars along the stream, excluding stars in the
‘spur’ and ‘blob’ features identified in Ref. [17].
We modeled the GD-1 stream according to the
frequency-angle (Ω, θ) framework introduced by one of
us in Ref. [19]. We generated and evolved mock streams
[20] assuming a constant stripping rate from the progen-
itor cluster throughout its orbit. Episodic stripping can
in principle lead to small stellar density perturbations
[21, 22], but this is unlikely to affect the stream away
from the progenitor where DM subhalo impacts are ex-
pected to leave a detectable signature [23].
We assume that the current location of the GD-1 pro-
genitor corresponds to the underdense region located at
φ1 = −40◦ in the spherical coordinate system aligned
with the stream introduced by Koposov et al. [24]. Al-
though the actual location is currently uncertain, a pro-
genitor at φ1 = −40◦ that dissolved ∼ 500 Myr ago dur-
ing the previous perigalactic pass is a very likely scenario
[18]. In the appendix of Paper I, we discuss alternative
scenarios, and show the limited impact of this assumption
on our main conclusions. We assume a fiducial dynami-
cal age of 3.4 Gyr [18], but marginalize over stream ages
of [3,4,5,6,7] Gyr uniformly, when deriving constraints on
the DM particle properties.
The Pal 5 stream. The Pal 5 stream originates from
the tidal stripping of the Palomar 5 globular cluster, lo-
cated at a sky position of (α, δ) ≈ (229◦,−0.11◦) and
at a distance of ≈ 23 kpc [25]. Due to its proximity
to the Galactic disk and its prograde motion, the Pal 5
stream is strongly perturbed by the baryonic substruc-
tures such as the bar [26–28], the spiral arms [28] and the
GMCs [28, 29]. We adopt Pal 5 stream density data from
Ref. [30] and apply the same treatment as in Ref. [9].
Baryonic substructures. Following Ref. [28], we
evolve mock GD-1 and Pal 5 streams in the Milky Way
potential taking into account perturbations from the
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FIG. 1. Density power spectrum of the trailing arm of the GD-1 stream compared with that of mock GD-1 streams of different
ages perturbed only by baryonic substructures (left panel) and by baryonic plus DM substructures (right). The data points
show the median power of the observed stream (black dots) and the 2σ scatter due to noise in the observed density (error bars).
The black dashed line represents the median power of the noise in the density. The solid lines represent the median density
power of 1,000 mock streams with age 7 Gyr (blue line) 5 Gyr (red) and 3 Gyr (black). The blue shaded region shows the 2−σ
scatter of the density power for the 7 Gyr old stream. CDM substructures are necessary and sufficient to explain the observed
density fluctuations.
known baryonic substructures such as the Galactic bar,
the spiral arms, giant molecular clouds (GMCs), globular
clusters (GCs), as well as (as we discuss in the next sec-
tion) DM substructures. We briefly summarize here the
implementation of baryonic effects, and refer the reader
to Paper I for further details:
• Bar. We model the bar with a triaxial, exponential
density profile [31]. We assume a mass of 1010 M,
a pattern speed of 39 km s−1kpc−1 [32, 33], an age
of 5 Gyr, and an angle between the bar’s major axis
and our line-of-sight to the Galactic center of 27◦
[34].
• Spiral arms. We model spiral arms according to
Ref. [35], assuming four arms, a pattern speed of
19.5 km s−1kpc−1, radial scale length of 3 kpc, and
vertical scale height of 0.3 kpc. Because GD-1 is
on retrograde motion, the density perturbations in-
duced from the bar and spiral turn out to be neg-
ligible, but they strongly affect Pal 5.
• GMCs. We draw the position and velocity of GMCs
with mass larger than 105 M from Ref. [36], cor-
recting for empty patches on the other side of the
Galactic center, and adding random rotations as
in Ref. [28]. We set GMCs on circular orbits and
model their mass distribution as a Plummer sphere
with a scale radius equal to 1/3 of their observed
radius.
• GCs. We adopt their sky and phase space coordi-
nates, mass, and size information of 150 GCs from
Ref. [37]. In order to explore the range of pos-
sible orbits of the GCs and their effects on the
stream density, we draw proper motions and line
of sight velocities from a Gaussian centered around
the mean value and width equal to the observa-
tional uncertainties. As in the case of GMCs, we
model GGs as Plummer spheres.
Dark matter substructures.
Following our previous works [9, 38, 39], we consider
cold and warm DM subhalos in the sub-dwarf-galaxy
mass range [105−109] M. For our fiducial CDM model,
we adopt a mass function dN/dM ∝M−1.9 and a radial
distribution inside the Milky Way that follows an Einasto
profile [40]. The resulting normalized subhalo profile for
the Milky Way is [38]
(
dn
dM
)
CDM
= c0
(
M
m0
)−1.9
exp
{
− 2
αr
[(
r
r−2
)αr
− 1
]}
(1)
where c0 = 2.02×10−13 M−1 kpc−3, m0 = 2.52×107 M,
αr = 0.678 and r−2 = 162.4 kpc.
3We model WDM as a thermal relic whose properties
are determined by its particle mass. We adopt the mass
function from Ref. [41] that provides an accurate descrip-
tion of the WDM subhalos population of a Milky Way like
galaxy observd in the Aquarius simulation [40].
(
dn
dM
)
WDM
=
(
1 + γ
Mhm
M
)−β (
dn
dM
)
CDM
, (2)
where γ = 2.7 and β = 0.99. The half-mode mass Mhm,
which parameterises the subhalo mass below which the
mass function is strongly suppressed, is equal to the mean
mass contained within a radius of half-mode wavelength
λhm = 2piαcutoff(2
ν/5 − 1)−1/2ν , with ν = 1.12 [42] and
αcutoff = 0.047
(mWDM
keV
)−1.11(ΩWDM
0.2589
)0.11
×
(
h
0.6774
)1.22
h−1Mpc, (3)
where mWDM is the WDM particle mass and ΩWDM is
DM density parameter.
As discussed in detail in Paper I, we ignore the time
evolution of the number density of the subhalo popu-
lation, and the disruption of subhalos due to the Milky
Way disk and other baryonic effects. Having set the mass
functions of our DM models, we follow the same steps as
in Sec 2.3 in Ref. [9] to implement the subhalo impacts
in the stream simulations.
We describe the subhalos as Plummer spheres with
scale radius rs = 1.62 kpc (Msub/10
8M)0.5 [38]. We
stress that at large angular scales, where the signal dom-
inates noise, the density power spectrum induced by sub-
halos with a Hernquist profile is identical to that of sub-
halos with a Plummer profile [9].
Power spectrum analysis. Starting from the nor-
malised linear density along the stream angle φ1, we com-
pute the 1-dimensional power spectrum of the density
contrast Pδδ(kφ1) = 〈δ(kφ1)2〉. We show in Fig. 1 the
square root of the power
√
Pδδ(kφ1) as a function of the
inverse of the frequency (1/kφ1), which encodes the cor-
relation in density contrast as a function of the angular
scale. The black points with error bars correspond to the
observed power spectrum in GD-1 data. The dashed line
shows the median power of the density noise. As one can
see, there is a clear excess above the noise floor in the
last two bins, which correspond to angular scales larger
than 10 degrees.
We compare the observed power spectrum with the
one predicted with mock realization of baryonic substruc-
tures (left panel) and baryonic plus DM substructures
(right panel). The blue, red and black solid lines show
the median density power of 1000 mock GD-1 stream re-
alizations that are 7, 5 and 3 Gyr old respectively. As
expected, older mock streams exhibit a larger power spec-
trum, as they have more time to interact with structures
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FIG. 2. Posterior PDF for the thermal WDM particle mass,
obtained by comparing the power spectrum in the observed
GD-1 linear density, with that arising from mock streams in
presence of a population of WDM substructures. The analysis
sets a 95% lower bound of mWDM > 4.6 keV. Masses & 31
keV are equally preferred by the GD-1 stream.
and consequently gets more perturbed by them. Even
assuming a stream as old as 7 Gyr, however, baryonic
structures alone cannot account for the observed den-
sity power of the stream. When CDM substructures are
included, mock streams exhibit a power spectrum fully
consistent with the data. We stress that the curves in
the right panel of Fig. 1 are not a fit to the data, but
an actual prediction based on a ‘vanilla’ description of
CDM substructures in the Milky Way. We thus conclude
that CDM substructures are necessary and sufficient to
explain the density fluctuations in the GD-1 stream.
Constraints on warm dark matter from GD-1.
The evidence for CDM substructures thus obtained can
be used to constrain any particle DM that leads to a sub-
stantial suppression of the DM subhalo mass function on
sub-dwarf scales, and thus of the linear density contrast
power spectrum. We study here in particular the case
of thermal WDM candidates. We consider a uniform
prior in log10(mWDM) in the range [1-50] keV. The up-
per bound of 50 keV corresponds to a half-mode mass of
∼ 4 × 104 M which is well below the sensitivity of our
stream analysis method. For each mWDM drawn from the
prior, we run the stream simulation and then compare the
resulting stream density power spectrum with that of the
observed power with an Approximate Bayesian Compu-
tation (ABC). The resulting posterior, shown in Figure
2, sets a lower bound of > 4.6 keV on the mWDM at
95%. The PDF plateaus for mWDM & 31 keV indicat-
ing masses above that are equally preferred by the GD-1
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FIG. 3. Subhalo mass function in the mass range 106−109M
reconstructed from the analysis of the perturbations induced
on the GD-1 and Pal 5 streams. Red data points show the ob-
served classical Milky Way satellites. The blue downward ar-
row and data points show the 68% upper bound, and the mea-
surement and 68% error, respectively, in 3 mass bins below the
scale of dwarfs, as obtained in paper I. The shaded area show
the CDM mass function taking into account the baryonic dis-
ruption of the subhalos. The orange lines show the predicted
mass function for thermal WDM candidates of different mass,
taking into account the expected subhalo depletion due to
baryonic disruption for the low-mass (M < 109M) measure-
ments from the inner Milky Way.
stream.
Constraints on warm dark matter from stellar
streams and dwarf galaxy counts. In Paper I, we
obtained an measurement of the subhalo mass function
in the mass range 106 − 109M using a joint analysis of
the GD-1 and Pal 5 streams using the modeling described
above. In Fig. 3, we show the 68% upper bound (down-
ward arrow) for the lowest mass bin of 106−107M, and
the measurement and 68% error for the next two bins
(error bars). The inferred mass function is found to be
consistent with the CDM mass function taking into ac-
count the baryonic disruption of the subhalos (shaded
area). To extend the observed range of the subhalo mass
function, we added measurements from the counts of clas-
Range α prior Prior on 1/mWDM 95% lower bound on mWDM
[−3,−1] flat 1.9 keV
[−1.95,−1.85] flat 4.9 keV
[−1.95,−1.85] log 6.3 keV
TABLE I. Constraint on the mass of a thermal WDM candi-
date arising from the comparison of the predicted mass func-
tion with the one inferred from the analysis of GD-1 and Pal
5 perturbations and from the counts of classical Milky Way
satellites.
sical Milky Way satellites [43, 44], shown as the red mea-
surements in Fig. 3. A comparison with the predicted
mass function of different thermal WDM candidates (or-
ange lines, which take into account the expected sub-
halo depletion by ≈ 80 % due to baryonic disruption for
the low-mass, M < 109M measurements from the inner
Milky Way) allows us to set a stringent lower limit on
the particle mass mWDM (see Tab. I). Assuming a flat
prior on the log slope of the mass function α in the range
[−1.95,−1.85], uninformative priors on the amplitude of
the mass function and the amount of subhalo disruption
by the baryonic disk, and a log prior on mWDM, analo-
gous to those adopted in the recent analysis of quadruple-
image strong gravitational lenses of Ref. [45], we obtain
a 95% lower bound on the mass of the WDM particle
mWDM > 6.3 keV.
Conclusions. In Paper I, we found evidence for den-
sity perturbations on angular scales larger than 10◦ in
the observed linear density of the GD-1 stream, and we
showed that a population of ‘vanilla’ CDM subhalos are
necessary and sufficient to explain those perturbations.
Here, we have studied the impact of these findings on
particle DM models. A comparison of the power spec-
trum arising from mock simulations of streams in pres-
ence of WDM subhalos allowed us to set a 95% lower
limit of mWDM > 4.6 keV on the particle mass of ther-
mal WDM candidates. A joint analysis of the GD-1 and
Pal 5 streams and Milky Way dwarf satellite counts gives
mWDM > 6.3 keV. A similar analysis can be applied to
any DM candidates that leads to a suppression of the sub-
halo mass function on scales below the masses of dwarf
galaxies; expressed in terms of the half-mode mass Mhm,
our constraint is Mhm < 4.3×107 M at 95% confidence.
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